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Abstract

Aims Cancer therapy-related cardiac dysfunction (CTRCD) is commonly reported, but its histopathology,
mechanisms, and risk factors are not known. We aimed to clarify the histopathology and mechanisms of CTRCD to identify
risk factors.
Methods and results We performed myocardial histopathological studies on 13 endomyocardial biopsies from CTRCD
patients, 35 autopsied cancer cases with or without cardiac dysfunction, and controls without cancer (10 biopsies and 9
autopsies). Cardiotoxicity risk scores were calculated based on medication; and patient-related risk factors, fibrosis, and
cardiomyocyte changes were scored; and p53 and H3K27ac histone modification were evaluated by histological score
(H-score). In the biopsy cases, all histopathological changes and the p53 evaluation were significantly higher in the CTRCD
group than in the controls [p53 H-score; 63 (9.109) vs. 33 (5.099), P < 0.05]. In patients with a short time between drug
and disease onset (<4.2 years), fibrosis and p53 positively correlated (r = 0.76, P < 0.05), and in those with late onset
disease (>4.2 years), cellular abnormalities and p53 trended to a positive correlation and cardiotoxicity risk scores and
p53 positively correlated (r = 0.95, P < 0.05). A year after biopsy, the short-term group had significant recovery of ejection
fraction compared with the long-term group (P < 0.05). The CTRCD group had a significantly worse overall survival prog-
nosis than the control group [hazard ratio 7.61 (95% confidence interval 1.30–44.6), P < 0.05]. Autopsy cases with cancer
treatment also had a high grade of histopathological changes, with even more severe changes in patients with cardiac dys-
function, and had increased p53 and H3K27ac expression levels, compared with controls. H-scores of p53 and H3K27ac
showed a positive correlation in the CTRCD group in biopsy cases (r = 0.62, P < 0.05) and a positive correlation in autopsy
cases.
Conclusions Our results indicate distinct morphological characteristics in myocardial histopathology associated with CTRCD.
p53 and H3K27ac histone modification could be sensitive markers of CTRCD and suggest a mechanistic involvement of
epigenetic changes.
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Introduction

In recent years, progress in cancer treatment has
dramatically improved the long-term survival rate of cancer
patients.1 However, cardiotoxicity related to such treatment
is frequently reported, particularly linked to anthracycline,
molecularly targeted drugs, and immune checkpoint
inhibitors.2–6 Cancer therapy-related cardiac dysfunction
(CTRCD) has become the second leading cause of
cancer-related mortality.7–9

The causes of CTRCD may be related to oxidative stress,
endoplasmic reticulum stress, and mitochondrial dysfunction,
but the mechanistic details are not known.2–5,10 Recently,
heart failure has been linked to increased expression of
p53, epigenetic changes such as histone modifications, and
DNA methylation,11 but the relationship of these factors with
CTRCD is not clear.

In some cases, asymptomatic cardiac dysfunction pro-
gresses over a prolonged period of time after cancer treat-
ments and is diagnosed as CTRCD only after symptoms appear.
A multi-hit hypothesis established for the pathogenesis of
CTRCD suggests contributing factors occurring later may pre-
cipitate cardiac dysfunction.4,12 A cardiotoxicity risk score
(CRS) has been proposed to evaluate CTRCD risk, incorporat-
ing medication and patient-related risk factors (e.g. sex, age,
history of high blood pressure, diabetes, and radiation
therapy).13–15 However, its usefulness has been little investi-
gated in a clinical setting.

In this study, we characterized the short-term to long-term
histopathology of CTRCD and evaluated the association
between histological parameters and medication-related and

patient-related risk factors. We hypothesized that
immunohistological staining for p53 and acetylation of lysine
27 on histone H3 (H3K27ac) could be novel markers of cardiac
dysfunction in cancer patients.

Methods

Materials

Specimens archived in the Pathology Department of Nara
Medical University, Japan, were retrieved to evaluate their
histopathological changes in correlation with recorded
clinical features of cardiotoxicity. This study included several
cohorts. First, we examined 13 endomyocardial biopsy speci-
mens stored between January 2010 and December 2019 from
the left ventricles of patients who developed CTRCD after an-
ticancer treatments (Table 1). CTRCD was defined based on a
reduction in left ventricular ejection fraction (LVEF) of >10%
from baseline to a value below 53%.16 Second, we evaluated
histopathological changes in the myocardium of 35 autopsied
patients who died after cancer treatments at Nara Medical
University from 2010 to 2020. These patients were diagnosed
with oesophageal cancer (n = 16), leukaemia (n = 7), or lym-
phoma (n = 12) (Table 2). Third, we included controls: 10 bi-
opsy samples with no history of cancer and mild cardiac dys-
function and 9 autopsy cases of non-cardiac death without
cancer. In the biopsy control cases, biopsies were performed
on suspected cases of dilated cardiomyopathy (DCM), and pa-
tients were diagnosed as normal or having mild DCM. For all

Table 1 Clinical characteristics of patients who developed chemotherapy-related cardiac dysfunction (CTRCD) after anticancer treatments
and underwent endomyocardial biopsy

Case Age/sex Tumour Chemotherapy CRS
Time from chemotherapy
to onset of CTRCD (years)

1 44/F Breast cancer FEC, Herceptin, docetaxel 6 0.5
2 61/M Synovial sarcoma Pazopanib, doxorubicin 5 0.5
3 74/M Lung cancer Crizotinib 3 0.5
4 51/F Uterine cancer Paclitaxel, carboplatin, anaphylaxis,

doxorubicin, cisplatin
7 0.5

5 68/F Breast cancer Herceptin, TS-1 6 1
6 67/F Breast and stomach

cancer
Epirubicin, cyclophosphamide, 5-FU,
vinorelbine

7 1

7 58/F ALL R-CHOP, MTX, Ara-C 7 1
8 70/F AML Doxorubicin, cyclophosphamide,

oxaliplatin, paclitaxel, Ara-C
9 1.2

9 45/F Ovarian cancer Paclitaxel, bevacizumab, doxorubicin 5 7
10 42/F Uterine cancer TC 3 9
11 75/M DLBCL R-CHOP, CHASER 8 10
12 68/M Stomach cancer TS-1, CDDP, 5-FU 2 10
13 68/F Breast cancer FEC, cisplatin, irinotecan, TS-1,bevacizumab 8 12

Abbreviations: 5-FU, 5-fluorouracil; ALL, acute lymphocytic leukaemia; AML, acute myelogenous leukaemia; Ara-C, cytarabine; CDDP, cis-
platin; CHASER, chemotherapy regimen including cyclophosphamide, Ara-C, etoposide, dexamethasone, granulocyte-colony stimulating
factor and rituximab; CRS, cardiotoxicity risk score; CTRCD, chemotherapy-related cardiac dysfunction; DLBCL, diffuse large B-cell lym-
phoma; F, female; FEC, chemotherapy regimen including 5-FU, doxorubicin and cyclophosphamide; M, male; MTX, methotrexate; R-
CHOP, chemotherapy regimen including rituximab, cyclophosphamide, doxorubicin, vincristine and prednisolone; TC, chemotherapy reg-
imen including carboplatin and paclitaxel; TS-1, tegafur/gimeracil/oteracil potassium.
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autopsy cases, the anterior to posterior walls of the
post-mortem left ventricle were examined histologically as
described previously.17

All specimens were fixed in 10% neutral buffered formalin
and embedded in paraffin. These tissue sections were stained
with haematoxylin-eosin and Mallory-azan stains for morpho-
logical analysis, and serial sections were stained with primary
antibodies for immunohistochemical analysis (as described in
Immunohistological evaluation section).

Written informed consent was obtained from patients and
bereaved families in all biopsy and autopsy cases, respec-
tively. This study was approved by the Human Investigation
Review Committee of Nara Medical University (No. 2565)
and conformed to the principles outlined in the Declaration
of Helsinki.18

For all biopsy and autopsy cases, medication and
patient-related risk factors were used to calculate the
CRS.13 In this scoring system, each of the following
patient-related risk factors scores one point: previous radio-
therapy and treatment with anthracyclines, coronary artery
disease or heart failure, diabetes mellitus, hypertension, fe-
male gender, and age <15 years or >65 years. Medications
contribute to the score as follows: one point for bevacizumab
or imatinib, two points for docetaxel, and four points for
anthracycline, trastuzumab, or cyclophosphamide. Moreover,
CTRCD can be classified into Type 1 and Type 2 based on the
type of anticancer drug: Type 1 is caused by anthracyclines
and cyclophosphamide, whereas Type 2 is caused by
trastuzumab and bevacizumab.

Histological evaluation and scoring

All tissue sections were scored for their extent of fibrosis (in-
terstitial and replacement) and the severity of cardiomyocyte
changes (nuclear atypia, disarrangement, sarcoplasmic rare-
faction, cardiomyocyte tapering, and cytoplasmic vacuola-
tion) by two evaluators (CT and KH). Fibrosis was graded as
follows: 0, absent; 1, <5%; 2, 5–10%; 3, 10–20%; and 4,
>20% of the myocardium. Changes in cardiomyocytes under
light microscopy were graded as follows: 0, absent; 1, mild; 2,
moderate; 3, severe; and 4, extremely severe.

Immunohistological evaluation

Immunostaining was performed using antibodies against p53
(Leica, NCL-L-p53-DO7, 1:800 dilution), H3K27ac (Gene Tex,
GTX128944, 1:1000 dilution), histone acetyltransferase 1
(HAT1, Santa Cruz, sc-390562, 1:50 dilution), p300 (Santa
Cruz, sc-48343, 1:30 dilution), and myocyte enhancer factor-
2(MEF2A, Santa Cruz, sc-17785, 1:5000 dilution) on an auto-
mated immunohistochemistry stainer (Bond Max, Leica
Biosystems). Normal mouse and rabbit sera were used for

negative control stains instead of p53, H3K27ac, HAT1,
p300, and MEF2A antibodies, respectively.

For the immunohistochemical evaluation, the histological
score (H-score) was calculated by determining the staining in-
tensity and coverage as previously reported.19,20 Briefly, the
percentage of positive nuclei (0–100%) was multiplied by
the immunohistochemical intensity (Score 0: negative; Score
1–3: positive, with a higher score representing more intense
staining). In biopsy cases, all cardiomyocytes were evaluated
by this scoring system, and in autopsy cases, all cardiomyo-
cytes in 10 high-power fields were evaluated.

Prognostic evaluation

For survival, we recorded survival times of all patients from
the time of biopsy to the year 2021. For cardiac function in
CTRCD patients, the LVEF was evaluated 1 year after biopsy.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
(version 8.4.3). Data are presented as numbers with percent-
ages or means with standard error. Quantitative variables be-
tween two groups were compared using Student’s t test or
the Mann–Whitney U test as appropriate. Correlations be-
tween the changes in histopathological features were
assessed using Spearman’s correlation coefficients. All sur-
vival times were calculated using Kaplan–Meier estimates
and compared using the Wilcoxon test. A two-way ANOVA
was used to compare the 1 year change in LVEF. All tests
were two-sided, and P values of <0.05 were considered
significant.

Results

Characteristics of biopsy patients and autopsy
cases

Of the 13 biopsy cases with CTRCD, 4 patients had breast can-
cer, 2 had stomach cancer (including a patient who had both),
2 had uterine cancer, and the others had synovial sarcoma,
lung cancer, acute lymphocytic leukaemia, acute myeloge-
nous leukaemia, ovarian cancer, and malignant lymphoma
(Table 1). Among the included patients, 10 (76.9%) received
high-risk chemotherapies, like anthracyclines, trastuzumab,
and cyclophosphamide. Of the patients, 9 (69.2%) received
Type 1 drugs (two of which also used Type 2 drugs), with cu-
mulative anthracycline doses of over 400 mg/m2 adminis-
tered to all patients, whereas 1 patient received Type 2
drugs. The CRS for biopsy CTRCD cases were also presented
in Table 1. The average CRS was 5.8 and ranged from 2 to 9.
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Detailed patient backgrounds, including medical history
and laboratory values, are summarized in Supporting infor-
mation Table S1 and controls in Table S2, and a comparison
with the control group is shown in Table S3. Compared with
the control group, the CTRCD group had significantly fewer
men, lower incidence of hypertension history, lower LVEF,
and higher levels of B-type natriuretic peptide (BNP).

Cancer therapy-related cardiac dysfunction was diagnosed
0.5 to 12 years after the initiation of chemotherapy (Table 1).
We divided the patients into two groups based on the aver-
age time to onset (4.2 years): Those with dysfunction occur-
ring in the relative short-term (<4.2 years, n = 8) and those
with dysfunction in the long-term (>4.2 years, n = 5). The
medical history and laboratory values were compared be-
tween the two groups, but there were no obvious differences
(Table S4).

In autopsy cases, the treatment varied depending on the
case, including surgery, chemotherapy and radiation therapy.
Patients with oesophageal cancer were treated with opera-
tion, radiation, and chemotherapy [5-fluorouracil (5-FU) and
cisplatin (CDDP)]. Patients with lymphoma were treated with
rituximab plus cyclophosphamide, doxorubicin, vincristine,
and prednisone (R-CHOP). For patients with leukaemia,
cytarabine, mitoxantrone, and aclarubicin, a kind of
anthracycline, were often used. Of the 35 patients in this co-

hort, 7 developed cardiac dysfunctions, as described in Table
2 [based on their ejection fraction (EF) and BNP]. Detailed
patient autopsy backgrounds, including medical history and
laboratory values, are summarized in Table S5.

Histopathological changes in fibrosis and
cardiomyocytes in cases with or without CTRCD

Histopathological changes were scored as described in the
Methods (Figure S1G). In the biopsy cases, all histopatholog-
ical changes were significantly more severe in the CTRCD
group than the control (Figure 1A–G). The following mean
(SE) scores were recorded in the CTRCD group and the
control group, respectively: interstitial fibrosis 2.2 (0.359)
vs. 0.3 (0.153), P < 0.001; replacement fibrosis 1.8 (0.629)
vs. 0.1 (0.100), P < 0.05; nuclear atypia 2.0 (0.211) vs. 0.6
(0.163), P < 0.001; disarrangement 2.1 (0.379) vs. 0.2
(0.133), P < 0.001; sarcoplasmic rarefaction 2.1 (0.407) vs.
0.5 (0.167), P < 0.01; cardiomyocyte tapering 1.9 (0.277)
vs. 0.2 (0.133), P < 0.001; and cytoplasmic vacuolation 1.5
(0.307) vs. 0.7 (0.213), P < 0.05. Autopsy cases also showed
significant histopathological changes compared with the
controls, similar to the biopsy cases (Figure S2).

Figure 1 Evaluation of histological findings in control and cancer therapy-related cardiac dysfunction (CTRCD) cases scored on a scale of 0–4, with a
higher score representing a more severe change. (A,B) All scores of fibrosis and (C–G) cardiomyocyte changes were significantly higher in the CTRCD
group than the control group. Student’s t or Mann–Whitney U tests were performed as appropriate. (A) Interstitial fibrosis; (B) Replacement fibrosis;
(C) Nuclear atypia; (D) disarrangement; (E) Sarcoplasmic rarefaction; (F) Cardiomyocyte tapering; (G) Cytoplasmic vacuolation.

Epigenetics and cardiac dysfunction 3035

ESC Heart Failure 2022; 9: 3031–3043
DOI: 10.1002/ehf2.14034

 20555822, 2022, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.14034 by N

ara M
edical U

niversity, W
iley O

nline L
ibrary on [30/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



H-scores of p53 and H3K27ac in biopsy cases

The expression levels of p53 and H3K27ac were evaluated by
immunohistochemistry in biopsy cases and analysed by H-
score, as described in the Methods section (Figure S3).
Although the nuclei in some vascular endothelial cells and
stromal cells stained positive for p53 and H3K27ac, most
positively stained cells were cardiomyocytes, so only cardio-
myocytes were counted in the score. For p53, the H-score
was significantly higher in the CTRCD group than the control
group [63 (9.109) vs. 33 (5.099), respectively, P < 0.05]
(Figure 2A). However, for H3K27ac, the H-score did not differ
between CTRCD and control [139 (11.77) vs. 120 (11.57), re-
spectively, P = 0.36] (Figure 2B).

Positive correlation between p53 and H3K27ac in
biopsy cases with CTRCD

In the CTRCD biopsy cases, there was a positive correlation
between the H-scores of p53 and H3K27ac (r = 0.62,
P < 0.05) (Figure 2C). In contrast, in the control cases, there
was no significant correlation (r = 0.53, P = 0.11).

Changes in histopathological features depending
on the time to onset

As described in the Methods section, the CTRCD biopsy cases
were divided into the following two groups according to the
time from drug administration to CTRCD onset: short-term
(<4.2 years) and long-term (>4.2 years) group. Thereafter,
CRS scores and histological and immunohistochemical
changes were compared.

The total score of CRS was calculated by adding the
medication score and patient-related risk factor score. No dif-
ferences in the total score of CRS [6.3 (1.639) vs. 5.2 (2.482),
respectively, P = 0.42], medication score [3.5 (1.323) vs. 2.4
(1.960), respectively, P = 0.29] or patient-related risk factor
score [2.75 (1.090) vs. 2.80 (1.166), respectively, P = 0.94]
was observed between the short-term and long-term groups
(Figure S4A–C).

Regarding histological findings, we examined the total
score of fibrosis [4.1 (2.260) vs. 4.6 (3.382), respectively,
P = 0.79] and the total cardiomyocyte change score [8.9
(3.551) vs. 10.0 (3.286), respectively, P = 0.61], but no clear
differences were found (Figure S4D,E). We also examined
p53 as an immunohistochemical finding and found no differ-
ence [72.4 (28.41) vs. 47.3 (30.03), respectively, P = 0.19]

Figure 2 Histological scores (H-scores) for p53 and H3K27ac immunohistochemistry in control and cancer therapy-related cardiac dysfunction (CTRCD)
cases, and correlation between histological scores (H-scores) for p53 and H3K27ac. (A) The H-score for p53 was significantly higher in CTRCD cases than
in the control cases. (B) The H-score for H3K27ac did not differ between the two groups. Student’s t test, *P < 0.05. (C) In CTRCD cases, there was a
positive correlation between p53 and H3K27ac (solid line). In control cases, there was no obvious correlation (dotted line). Spearman correlations were
performed.
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(Figure S4F). However, the short-term group had significantly
higher H3K27ac expression compared with the long-term
group [164.6 (32.83) vs. 97.1 (47.68), respectively, P = 0.02]
and the control group [164.6 (32.83) vs. 120.3 (34.71), re-
spectively, P = 0.02] (Figure S4G).

Relationship among histopathological features
depending on time to onset of disease

This study also examined the relationship between histologi-
cal and immunohistochemical changes as well as CRS scores
in the short-term and long-term groups. In the short-term
group, there was a positive correlation between the p53
H-score and the total fibrosis score (r = 0.76, P < 0.05)
(Figure 3A). In the long-term group, the p53 H-score trended
towards a positive correlation with the total cardiomyocyte
change score (Figure 3B), and positively correlated with CRS
(r = 0.96, P < 0.05) (Figure 3C).

Comparison between Type 1 and Type 2 CTRCD

Among the present biopsy cases, nine had Type 1 CTRCD (two
of which also used Type 2 drugs) and one had Type 2 CTRCD.

Among those with Type 1 CTRCD, six were in the short-term
group and three were in the long-term group. The only Type
2 CTRCD case was in the short-term group. No significant dif-
ference in CRS scores were noted between the two groups
(Figure S5A).

Earlier reports suggested that Type 1 CTRCD cases exhib-
ited histological changes, such as cardiomyocyte necrosis,
with dose dependency and irreversibility but that Type 2
cases showed no morphological changes, were dose indepen-
dent, and were reversible.13,19,21 Owing to the small number
of cases, determining statistically significant differences be-
tween the two types was not possible. In the current study,
histological changes were observed in both Type 1 and Type
2 CTRCD cases, although no obvious differences were noted
(Figure S5B,C; H-scores for p53 and H3K27ac were also as
shown in Figure S5D,E).

Furthermore, recent reports have shown that Type 2
cardiotoxicity was irreversible and that Type 1 cardiotoxicity
improves EF with early therapeutic intervention.19,22–24 How-
ever, both Type 1 and Type 2 CTRCD cases were reversible in
this study (Figure S5F).

Although some of the details of the autopsy cases were
unknown, Type 1 CTRCD accounted for 11 cases, with 6
having leukaemia and 5 having lymphoma. In contrast, clear

Figure 3 Correlations between histopathological features or cardiotoxicity risk score (CRS) and p53 histological scores (H-scores) according to time
from drug administration to cancer therapy-related cardiac dysfunction (CTRCD) onset (short term, <4.2 years; and long-term, >4.2 years). (A) In
the short-term group, there was a positive correlation between the total fibrosis score (interstitial and replacement) and the p53 H-score. (B,C) In
the long-term group, the p53 H-score (B) trended towards a positive correlation with the total score of cardiomyocyte changes (nuclear atypia, disar-
rangement, rarefaction, tapering, and vacuolation), and (C) positively correlated with CRS. Spearman correlations were performed.
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history of Type 2 drug use could not be determined, making it
difficult to compare them in autopsy cases.

Prognostic evaluation

In the CTRCD biopsy cases, we were able to follow-up survival
for up to 6 years. When the overall survival of the controls
and the CTRCD group was compared, the CTRCD group had
a significantly worse overall survival prognosis than the con-
trol group [HR 7.61, 95% confidence interval (CI) 1.30–44.6,
P = 0.03] (Figure 4A).

In the CTRCD cases, there was no clear difference in overall
survival prognosis between the groups with long-term and
short-term disease onset (HR 2.76, 95% CI 0.38–19.9,
P = 0.44) (Figure 4B). However, the LVEF recovery 1 year after
the time of biopsy was significantly better in the short-term
group than in the long-term group (P = 0.03) (Figure 4C).

We also divided the CTRCD group into two groups based
on the mean values of CRS, p53 H-score, fibrosis, and cardio-
myocyte change scores at the time of biopsy. The group with
values higher and lower than mean value was determined as
the high and low group, respectively. However, no clear
difference in LVEF recovery was observed based on either
parameter (Figure S6).

Histopathological changes in the autopsy cases
with or without CTRCD

In the autopsy cases, the p53 and H3K27ac H-scores in the
patients treated with cancer therapy were compared with
those of the control cases (Figure 5A,B). The p53 and
H3K27ac (H-scores) were significantly increased in cases
where patients died after treatment of various tumours com-
pared with control, in all cancer types (oesophageal cancer,
leukaemia, and lymphoma). When these groups were
analysed separately for correlations between p53 and
H3K27ac H-scores, all cancer types showed a positive correla-
tion (oesophageal cancer, n = 16) or trend to a positive corre-
lation (lymphoma, n = 12; and leukaemia, n = 7), but correla-
tion coefficients and slopes differed from tumour to tumour,
with the highest correlation coefficient in the oesophageal
cancer group (Figure 5C). The autopsy cancer treatment cases
with cardiac dysfunction had significantly higher H-scores for
p53 and H3K27ac than those without cardiac dysfunction
(Figure 6A,B).

Immunostaining for epigenetic transcriptional activators
such as MEF2A, histone acetyltransferase p300, and HAT1,
which are transcriptional regulators of myocardium associ-
ated with H3K27ac, was also performed and calculated by
H-score, as described in the Methods section (Figure S7).
The H-scores of HAT1 were significantly increased in cases

Figure 4 Kaplan–Meier analysis for the control and the cancer therapy-related cardiac dysfunction (CTRCD) group and comparison of left ventricular
ejection fraction (LVEF) recovery based on time to disease onset. (A) The CTRCD group had a significant decrease in survival compared with control,
and (B) no clear difference in survival was observed between the short-term and long-term groups. (C) A comparison of LVEF at the time of biopsy and
1 year later between the short-term and long-term groups showed that ejection fraction (EF) recovery was improved in the short-term group based on
the two-way analysis of variance analysis.
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where patients died after treatment of various tumours com-
pared with control, in all cancer types (Figure S8A). Significant
positive correlation was found between HAT1 and H3K27ac
(r = 0.72, P = 0.00001) and p53 (r = 0.63, P = 0.00001) in total
autopsy cases. In each autopsy case, a significant positive cor-
relation was found between oesophageal cancer (r = 0.72,
P = 0.002) and leukaemia (r = 0.79, P = 0.04) for HAT1 and

H3K27ac and oesophageal cancer (r = 0.66, P = 0.005) for
HAT1 and p53 (Figure S8B,C). No clear correlation was found
with MEF2A or p300 (Figures S9 and S10).

We examined the time from death to autopsy and found
no differences between cancers. No correlation was observed
between immunohistological results, such as p53 or H3K27ac,
and time from death to autopsy (Figure S11).

Figure 5 Histological scores (H-scores) for p53 and H3K27ac and correlations between histological scores (H-scores) for H3K27ac and p53 in autopsy
samples from patients on cancer treatment (divided into groups based on cancer type) and controls. (A, B) The H-scores for p53 and H3K27ac were
significantly higher in cases where patients died after treatment for various tumours than in the controls. Student’s t test; *P < 0.05, **P < 0.01,
***P < 0.001 vs. control. (C) A positive correlation and trend to positive correlation between H3K27ac and p53 were found in oesophageal cancer
and lymphoma, respectively. Spearman correlations were performed.

Figure 6 Histological scores (H-scores) of p53 and H3K27ac in the cancer treatment autopsy cases with and without cardiac dysfunction. (A,B) H-scores
of p53 and H3K27ac were significantly higher in cases with cardiac dysfunction than those without. Student’s t test, *P < 0.05, **P < 0.01.
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Discussion

In this study, we found a higher grade of cardiomyocyte
changes and fibrosis in endomyocardial biopsy samples from
CTRCD cases than from controls regardless of the type of can-
cer drug, and the immunoreactivity of the p53 protein was
significantly higher in CTRCD cases. Similar histological and
immunohistochemical findings were observed in the myocar-
dium of autopsied cancer cases, especially in those with
cardiac dysfunction. In addition, there was a significant
positive correlation between the immunoreactivity of p53
and H3K27ac in cancer patients with CTRCD. Furthermore,
in the group of biopsy cases with CTRCD developing late after
treatment (>4.2 years), cardiomyocyte changes and CRS pos-
itively correlated with p53. These results suggest that the
changes in cardiomyocytes and increased expression of p53
in CTRCD cases are partly mediated by altered epigenetic
modifications.

p53, a DNA binding transcription factor, is famous for its
tumour-suppressive effects. Recently, it has been found to
be expressed in response to various stresses such as hypoxia,
endoplasmic reticulum stress, and oxidative stress, leading to
DNA repair, cell cycle regulation, senescence and apoptosis,
and is up-regulated in the failing human heart.16 In the pres-
ent study, we detected increased expression of p53 in biop-
sies from patients with CTRCD, not only in those taking
anthracyclines but also other cancer drugs. In autopsy sam-
ples from a variety of cancer patients, p53 expression was in-
creased even in the absence of heart failure, and it was even
higher in cases with heart failure symptoms (refer to Figure 6).
These results suggest that increased p53 expression is associ-
ated with myocardial damage; it may be a marker for the de-
velopment of cardiac dysfunction even in the absence of
symptoms.

Heart failure is a multifactorial disease linked to a
history of hypertension, diabetes mellitus, dyslipidaemia,
smoking, and alcohol consumption, in addition to genetic
background,8,25–27 and epigenetic changes or gene mutations
have recently been suggested as a pathogenic mechanism.28

H3K27ac, an epigenetic modification to histone H3
associated with enhancer activity, is increased in chronic
heart failure, and p53 is involved in the regulation of gene
expression through recognizing the modification changes of
H3K27ac.8,20,29–32 In this study, we found a significant
positive correlation between the immunoreactivity of p53
and H3K27ac in CTRCD. We also found a positive correlation
between H3K27ac and HAT1 expression, a histone acetyl-
transferase. In addition, in a group of patients who devel-
oped CTRCD long after treatment, p53 expression positively
correlated with more severe cardiomyocyte changes and
CRS. We hypothesize that environmental factors associated
with CRS may accumulate and lead to the development of
CTRCD when they reach a certain threshold, and that this ac-
cumulation factor may be an epigenetic modification in car-

diomyocytes. It is also possible that histone modifications
may lead to changes in gene expression when then contrib-
utes to the eventual development of heart failure. Our
future studies will focus on elucidating the mechanism
underlying the mutual regulation of the expression of p53
and H3K27ac.

However, in a group of patients with a decline in cardiac
function only a short time after treatment, there was no
association between p53 and CRS or other environmental
factors. We hypothesize that the cardiac dysfunction seen
in this group might be directly related to individual genetic
factors. There are several genes known to be associated
with heart failure, and TTN gene mutations are one of
the causes of CTRCD in Caucasians.33–35 DCM patients with
mutations in the TTN gene had a significant recovery in
LVEF after medical therapy compared with a group with
other mutations,36 similar to our finding that the early
onset CRTCD group had significantly better LVEF recovery
than the late onset CRTCD group. We therefore further
hypothesize that the genetic factors contributing to CRTCD
in the early onset group could include mutations to the
TTN gene.

Overall, we considered two major factors to be responsible
for the development of CTRCD in our cohort: genetic factors
in the short term and environmental factors over a longer
period. These factors may interact; based on the individual
genetic factors, the burden of various environmental factors
may accumulate in the form of epigenetic modification
changes. The administration of anticancer drugs may then
cause CTRCD to develop more quickly in those patients with
a higher existing burden of contributing factors. Genetic fac-
tors may therefore play a major role in CTRCD cases observed
in the early stage after treatment, and genetic and epigenetic
analysis will be a future area of study to identify at-risk
patients.

Limitation

This study has some limitations that should be taken into
account. Many of the autopsy cases in this study were not
evaluated for CTRCD by cardiologists; they are essentially just
patients with a history of cancer treatment. The sample size
of the CTRCD cohort was extremely small, which made it dif-
ficult to conduct an analysis based on type of medication, in-
cluding Type 1 and Type 2 drugs. Compared with controls, the
CTRCD group had significantly fewer men, lower incidence of
history of hypertension, lower LVEF, and higher levels of BNP.
To elucidate the mechanisms of cardiac dysfunction, evaluat-
ing not only myocardial cells but also blood vessels and
surrounding connective tissues that make up myocardial
tissue is imperative. However, the present study was limited
to cardiomyocytes.

3040 C.-I. Terada et al.

ESC Heart Failure 2022; 9: 3031–3043
DOI: 10.1002/ehf2.14034

 20555822, 2022, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.14034 by N

ara M
edical U

niversity, W
iley O

nline L
ibrary on [30/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Conclusions

This study revealed morphological characteristics in myocar-
dial histopathology associated with CTRCD, including fibrosis
and cardiomyocyte changes. The expression of p53 and
H3K27ac modification could be a sensitive marker of cardiac
dysfunction, suggesting the involvement of epigenetic modi-
fication as a cause of CTRCD.
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Figure S1A. Representative microphotographs of interstitial
fibrosis in the cancer therapy-related cardiac dysfunction
(CTRCD) patients. Interstitial fibrosis was graded as follows:
0, absent; 1, <5%; 2, 5%–10%; 3, 10%–20%; and 4, >20%
of the myocardium. Fibrosis comprised mainly of collagen
component and stained as a blue area with Masson’s tri-
chrome stain. All microphotographs, original magnification
×400, Masson’s trichrome stain.
Figure S1B. Representative microphotographs of replace-
ment fibrosis in the cancer therapy-related cardiac dysfunc-
tion (CTRCD) patients. Replacement fibrosis was graded as
follows: 0, absent; 1, <5%; 2, 5%–10%; 3, 10%–20%; and 4,
>20% of the myocardium. Fibrosis is stained as blue area
with Masson’s trichrome stain. All microphotographs, original
magnification ×100, Masson’s trichrome stain.
Figure S1C. Representative microphotographs of nuclear
atypia in the cancer therapy-related cardiac dysfunction
(CTRCD) patients. Changes in cardiomyocytes under light mi-

croscopy were graded as follows: 0, absent; 1, mild; 2, mod-
erate; 3, severe; and 4, extremely severe. In the CTRCD
group, nuclear atypia showed grade 1–3. Grade 4 changes
in cardiomyocytes were not observed among CTRCD patients.
Grade 0 was found only in the control group. All microphoto-
graphs, original magnification ×400.
Figure S1D. Representative microphotographs of disarrange-
ment of cardiomyocytes in the cancer therapy-related cardiac
dysfunction (CTRCD) patients. Changes in cardiomyocytes un-
der light microscopy were graded as follows: 0, absent; 1,
mild; 2, moderate; 3, severe; and 4, extremely severe. Disar-
rangement of cardiomyocyte in CTRCD patients showed
grade 1-4. Grade 0 of disarrangement was found only in the
control group. All microphotographs, original magnification
×400.
Figure S1E. Representative microphotographs of sarcoplas-
mic rarefaction in cardiomyocytes in the cancer
therapy-related cardiac dysfunction (CTRCD) patients.
Changes in cardiomyocytes under light microscopy were
graded as follows: 0, absent; 1, mild; 2, moderate; 3, severe;
and 4, extremely severe. All microphotographs, original mag-
nification ×400.
Figure S1F. Representative microphotographs of cardiomyo-
cyte tapering of cardiomyocytes in the cancer
therapy-related cardiac dysfunction (CTRCD) patients.
Changes in cardiomyocytes under light microscopy were
graded as follows: 0, absent; 1, mild; 2, moderate; 3, severe;
and 4, extremely severe. In the CTRCD group, cardiomyocyte
tapering showed grade 1-3. Grade 4 cardiomyocyte tapering
was not observed in CTRCD patients. Grade 0 was found only
in the control group.
Figure S1G. Representative microphotographs of cytoplasmic
vacuolation of cardiomyocytes in the cancer therapy-related
cardiac dysfunction (CTRCD) patients. Changes in cardiomyo-
cytes under light microscopy were graded as follows: 0, ab-
sent; 1, mild; 2, moderate; 3, severe; and 4, extremely severe.
In the CTRCD group, cytoplasmic vacuolation showed grade
1-3. Grade 4 cardiomyocyte tapering was not observed in
CTRCD patients.
Figure S2. Evaluation of histological grading scores for fibrosis
and changes in cardiomyocytes in autopsy cases including
controls and those with oesophageal cancer, leukaemia, and
lymphoma. Scoring ranged between 0 and 4 points, and
higher scores indicated more severe changes. Autopsy cases
exhibited significant histopathological changes including fi-
brosis (A, B) and changes in cardiomyocytes (C–G) in patients
with cancer compared with the controls, similar to those ob-
served in biopsy cases. *p < 0.05, **p < 0.01, ***p < 0.001
vs control.
Figure S3. Immunohistochemical evaluation of p53 and
H3K27ac. Panels A and B show representative microphoto-
graphs of p53 and H3K27ac immunohistochemistry, respec-
tively. Panels C and D show representative microphotographs
of the scoring system used to determine the immunohisto-

Epigenetics and cardiac dysfunction 3041

ESC Heart Failure 2022; 9: 3031–3043
DOI: 10.1002/ehf2.14034

 20555822, 2022, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.14034 by N

ara M
edical U

niversity, W
iley O

nline L
ibrary on [30/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



chemical staining intensities of p53 and H3K27ac, respec-
tively. All microphotographs, original magnification ×400.
Figure S4. The total score of cardiotoxicity risk score (CRS),
histopathological features and histological scores (H-scores)
for p53 and H3K27ac according to time from drug administra-
tion to CTRCD onset (short term, <4.2 years and long-term,
>4.2 years). (A-C) The total score of CRS, medication score
and the patient-related risk factor score did not differ be-
tween the two groups. Student’s t test, *p < 0.05. (D, E)
The total scores of fibrosis (interstitial and replacement)
and the total scores of cardiomyocyte changes (nuclear
atypia, disarrangement, rarefaction, tapering, and vacuola-
tion) did not differ between the two groups. Student’s t test,
*p < 0.05. (F, G) The short-term group had a significantly
higher H-score for H3K27ac than the long-term group, al-
though no difference in H-score for p53 was observed.
CTRCD, cancer therapy-related cardiac dysfunction
Figure S5. Comparison of cardiotoxicity risk score (CRS), his-
topathological features and histological scores (H-scores) for
p53 and H3K27ac and left ventricular ejection fraction (LVEF)
recovery between type 1 and type 2 CTRCD. (A) No difference
in the total score of CRS was observed between the two
groups. (B, C) The total fibrosis score (interstitial and replace-
ment) and the total score of cardiomyocyte changes (nuclear
atypia, disarrangement, rarefaction, tapering, and vacuola-
tion) did not differ between the two groups. (D, E) H-score
for p53 and H3K27ac did not differ between the two groups.
(F) A comparison of LVEF at the time of biopsy and 1 year
later between the short-term and long-term groups showed
recovery of the LVEF even in those with type 2 CTRCD.
CTRCD, cancer therapy-related cardiac dysfunction, LVEF, left
ventricular ejection fraction.
Figure S6. Comparison of the changes in LVEF at the time of
biopsy and 1 year after biopsy by dividing the CTRCD group
into two groups based on the mean values of cardiotoxicity
risk score (CRS), p53 H-score, total score of fibrosis (intersti-
tial and replacement), and total score of cardiomyocyte
changes (nuclear atypia, disarrangement, rarefaction, taper-
ing, and vacuolation) at the time of biopsy. The group with
values higher and lower than mean value was determined
as the high- and low-group, respectively. There was no clear
difference in LVEF between the two groups. CTRCD, cancer
therapy-related cardiac dysfunction; LVEF, left ventricular
ejection fraction.
Figure S7. Immunohistochemical evaluation of HAT1, p300
and MEF2A. Panels A to C show representative microphoto-
graphs of HAT1, p300 and MEF2A immunohistochemistry, re-
spectively. Panels D to F show representative microphoto-

graphs of the scoring system used to determine the
immunohistochemical staining intensities of HAT1, p300 and
MEF2A, respectively. All microphotographs, original magnifi-
cation ×400.
Figure S8. The histological score (H-score) of HAT1 and corre-
lation with H3K27ac and p53 in autopsy samples from pa-
tients undergoing cancer treatment (divided into groups
based on cancer type) and controls. (A) HAT1 H-scores were
significantly higher in cases who died after treatment for var-
ious tumours than in the controls. Student’s t test; *p < 0.05,
**p < 0.01, ***p < 0.001 vs. control. (B, C) HAT1 was posi-
tively correlated with H3K27ac and p53; Spearman correla-
tion performed.
Figure S9. The histological score (H-score) of p300 and corre-
lation with H3K27ac and p53 in autopsy samples from pa-
tients undergoing cancer treatment (divided into groups
based on cancer type) and controls. (A) There was no signifi-
cant difference in p300 H-scores from controls in patients
who died after treatment of various tumours. (B, C) There
was no correlation between p300 and H3K27ac and p53
expression.
Figure S10. The histological score (H-score) of MEF2A and
correlation with H3K27ac and p53 in autopsy samples from
patients undergoing cancer treatment (divided into groups
based on cancer type) and controls. (A) MEF2A H-score was
significantly higher in leukaemia and lymphoma cases than
in controls. Student’s t test; *p < 0.05, **p < 0.01 vs. con-
trol. (B, C) There was no correlation between MEF2A and
H3K27ac and p53 expression.
Figure S11. Comparison of time from death to autopsy and its
association with immunohistological results. (A) No differ-
ence in time from death to autopsy was observed among au-
topsy cases. (B, C) No correlation was noted between time
from death to autopsy and immunohistological results, such
as p53 and H3K27ac.
Table S1. Detailed clinical background of patients with
chemotherapy-related cardiac dysfunction (CTRCD)
(endomyocardial biopsy cases).
Table S2. Detailed clinical background characteristics of con-
trol patients who underwent endomyocardial biopsy.
Table S3. Comparison of clinical background between pa-
tients with chemotherapy-related cardiac dysfunction
(CTRCD) and controls (endomyocardial biopsy cases).
Table 4. Comparison of patient background between patients
with early-onset (short-term) or late-onset (long-term) cancer
therapy-related cardiac dysfunction (CTRCD).
Table S5. Detailed clinical background of cases autopsied af-
ter cancer treatment.
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